The arenavirus Lassa virus causes Lassa fever, a viral hemorrhagic fever that is endemic in the countries of Nigeria, Sierra Leone, Liberia, and Guinea and perhaps elsewhere in West Africa. To determine the degree of genetic diversity among Lassa virus strains, partial nucleoprotein (NP) gene sequences were obtained from 54 strains and analyzed. Phylogenetic analyses showed that Lassa viruses comprise four lineages, three of which are found in Nigeria and the fourth in Guinea, Liberia, and Sierra Leone. Overall strain variation in the partial NP gene sequence was found to be as high as 27% at the nucleotide level and 15% at the amino acid level. Genetic distance among Lassa strains was found to correlate with geographic distance rather than time, and no evidence of a "molecular clock" was found. A method for amplifying and cloning full-length arenavirus S RNAs was developed and used to obtain the complete NP and glycoprotein gene (GP1 and GP2) sequences for two representative Nigerian strains of Lassa virus. Comparison of full-length gene sequences for four Lassa virus strains representing the four lineages showed that the NP gene (up to 23.8% nucleotide difference and 12.0% amino acid difference) is more variable than the glycoprotein genes. Although the evolutionary order of descent within Lassa virus strains was not completely resolved, the phylogenetic analyses of full-length NP, GP1, and GP2 gene sequences suggested that Nigerian strains of Lassa virus were ancestral to strains from Guinea, Liberia, and Sierra Leone. Compared to the New World arenaviruses, Lassa and the other Old World arenaviruses have either undergone a shorter period of diverisification or are evolving at a slower rate. This study represents the first large-scale examination of Lassa virus genetic variation.
Viruses of the genus Arenavirus, family Arenaviridae, are enveloped viruses with a genome consisting of two singlestranded RNA species designated small (S) and large (L). Each segment contains two nonoverlapping genes arranged in an ambisense orientation (56) . The viral polymerase (L protein) gene is encoded at the 3Ј end of the L RNA in the genome-complementary sense, whereas the Z protein is encoded at the 5Ј end of the L RNA in the genomic sense. In a similar fashion, the nucleoprotein (NP) gene is encoded at the 3Ј end of the S RNA, whereas the glycoprotein precursor (GPC) is encoded at the 5Ј end of the S RNA. The GPC is posttranslationally cleaved into the envelope glycoproteins GP1 and GP2 (56) . The arenaviruses have been divided into two groups, the New World arenaviruses and the Old World arenaviruses (18) .
Lassa fever, a viral hemorrhagic fever that is endemic in the West African countries of Nigeria, Sierra Leone, Liberia, and Guinea, is caused by Lassa virus, an Old World arenavirus. Mastomys sp., a poorly defined species complex of rodents (32) , is the reservoir host of Lassa virus. Humans presumably become infected through contact with infected rodent excreta, tissues, or blood (46, 49, 60) . Person-to-person transmission of Lassa fever can also occur (22, 49) . An estimated 100,000 to 300,000 infections and approximately 5,000 deaths occur annually (47) . Between January 1996 and March 1997, over 1,000 cases of Lassa fever with 148 deaths were reported from eastern Sierra Leone (3) .
Despite the public health importance of Lassa fever, little is known about the genetic diversity or relationships of Lassa viruses found in various parts of West Africa. Antigenic differences have been detected between Nigerian Lassa virus isolates and isolates originating in Sierra Leone, Liberia, and Guinea (39, 54) . RNA fingerprinting and comparison of short sequences have demonstrated genetic differences among single strains from Sierra Leone and Liberia and two strains from Guinea (31, 59) . Genomic sequence data for only three strains have been deposited in sequence databases: the prototype LP strain from northeastern Nigeria (partial NP gene sequence) (11, 13) , the GA391 strain from central Nigeria (complete S RNA sequence) (17) , and the Josiah strain from Sierra Leone (complete S and L RNA sequences (5, 19, 45) . Considerable sequence dissimilarity (greater than 22% nucleotide and 11% amino acid sequence divergence) in a region of the NP gene was noted not only between the Nigerian strains and the Sierra Leone Josiah strain but also between the two Nigerian strains (11) . The genetic distance between the Nigerian strains (LP and GA391) was unexpected, since their origins of isolation are only about 500 km apart and separated by only an 8-year interval. Although there are no currently established criteria for differentiating arenavirus species based on genetic data, the apparent diversity of Lassa viruses has prompted speculation that Lassa virus per se may actually be a complex of closely related arenaviruses (44) . The purpose of this study was to perform a large-scale examination of the genetic diversity of Lassa viruses across the currently known geographic range of Lassa fever. Attempts were made to incorporate into the study a selection of geographic and temporal variants as well as strains isolated from Mastomys rodents and humans. The objectives of the study were to further the understanding of Lassa virus genetics and evolution, provide data for establishing criteria for genetic classification of arenavirus species, and provide insights into the epidemiology of Lassa fever.
MATERIALS AND METHODS
Virus strains. Lassa virus isolates and clinical samples were obtained from the virus collection of the Special Pathogens Branch, Centers for Disease Control and Prevention, Atlanta, Ga. The virus strains examined in this study are listed in Table 1 minimal essential medium supplemented with 2% fetal bovine serum, L-glutamine, antibiotics, and Fungizone (GIBCO BRL). The clinical specimens examined in this study consisted of serum samples from Lassa fever patients. RNA extraction. RNA was extracted from cell culture supernatant harvested from infected cell cultures or directly from virus stocks. A 300-l aliquot of cell culture supernatant was mixed with 1 ml of TriPure reagent (Boehringer Mannheim) and 200 l of chloroform-isoamyl alcohol (24:1); RNA was extracted following the manufacturer's instructions. When the source of RNA was human serum rather than a virus stock, RNA was recovered from the aqueous layer with an RNaid kit (Bio101) instead of by isopropanol precipitation.
RT-PCR. Reverse transcription (RT)-PCR was initially performed with an oligonucleotide primer pair described previously (11) that targeted a region near the 3Ј end of the NP gene of Old World arenaviruses. The genome-complementary primer 1010C (5Ј-TCIGGIGAIGGITGGCC-3Ј [I, inosine]) was used in conjunction with the genomic-sense primer OW1696R (5Ј-AIATGAIGCAGTC CAIIAGTGCACAGTG-3Ј). RT-PCR was carried out with an Access RT-PCR kit (Promega) and a Perkin-Elmer 9600 thermocycler. Each RT-PCR mixture contained 1ϫ avian myeloblastosis virus (AMV)-Tfl reaction buffer, 1 M primer 1010C, 1 M primer OW1696R, 500 M MgSO 4 , 200 M deoxynucleoside triphosphates, 5 U of AMV reverse transcriptase, 5 U of Tfl DNA polymerase, and 10% of the RNA from a single RNA extraction. RT was carried out for 1 h at 42°C, and the reaction mixtures were heated for 2 min at 94°C. The reaction mixtures were then subjected to 40 cycles of a temperature profile consisting of 94°C for 30 s, 45°C for 1 min, and 68°C for 2 min, followed by a final extension of 68°C for 7 min. Some Lassa virus stocks failed to amplify with primers 1010C and OW1696R, and therefore primer OW1696R was redesigned to produce primer 1696RV2 (5Ј-AIATGATGCAGTCCAIIAGIGCACA-3Ј). This primer was then used in conjunction with primer 1010C to obtain RT-PCR products as described previously.
Cloning of complete S RNA sequences. To obtain the complete S RNA sequences of Lassa virus isolates, virus RNA was first denatured by incubation with 10 mM methyl mercury hydroxide for 10 min at room temperature. Excess methyl mercury hydroxide was then bound by adding 2 l of 700 mM 2-mercaptoethanol and 4 U of RNasin (Promega) and incubating the mixture for 15 min at room temperature. RT was then carried out in a 30-l reaction mixture containing 1 M primer M13-19C (5Ј-TGTAAAACGACGGCCAGTGCGCA CAGTGGATCCTAGGC-3Ј), 1ϫ AMV reverse transcriptase buffer (Life Sciences Inc.), 1 mM deoxynucleoside triphosphates, 20 U of RNasin, and 30 U of AMV reverse transcriptase XL (Life Sciences Inc.) After the mixture was incu bated for 2 h at 42°C, 30 l of 2ϫ RNA hydrolysis solution (0.4 N NaOH, 40 mM EDTA) was added and the reaction mixture was incubated for 30 min at 65°C. The cDNAs were recovered by ethanol precipitation with ammonium acetate. Virus S segment cDNAs were then amplified using the Expand high-fidelity PCR system (Boehringer Mannheim) in a 100-l reaction mixture containing 1ϫ Expand buffer without MgCl 2 , 600 nM primer M13-19C, 2 mM MgCl 2 , 2% dimethyl sulfoxide, 1 l cDNA suspension, and 3.5 U of Expand enzyme mixture. Amplification was carried out on a Perkin-Elmer 9600 thermocycler, using a profile that consisted of an initial 2 min at 94°C followed by 30 cycles of 94°C for 15 s, 45°C for 30 s, and 72°C for 2 min, with the extension time increased in 20-s increments from cycles 11 through 30, followed by a 7-min hold at 72°C. The amplified products were phenol-chloroform extracted, recovered by ethanol precipitation with ammonium acetate, and then 3Ј end tailed with dATP in a 50-l reaction mixture containing 1ϫ PCR buffer without MgCl 2 (Boehringer Mannheim), 800 nM dATP, 3 mM MgCl 2 , and 5 U of Taq polymerase (Boehringer Mannheim). The reaction mixture was incubated for 1 h at 75°C and then electrophoresed on a 0.8% agarose gel in Tris-acetate-EDTA buffer. The amplified products were located by staining the gel with 0.02% methylene blue dye, sliced from the gel, purified from the gel slices using a Sephaglas Bandprep kit (Pharmacia Biotech), and ligated to the pCRII plasmid vector (Invitrogen). The ligation mixture was then used to transform MAX EFFICIENCY DH5␣ competent Escherichia coli (Life Technologies Inc.), and plasmids were recovered by standard minipreparation procedures. Potential S RNA clones were identified by restriction digest analysis of plasmids using EcoRI.
Sequence determination. To obtain sequence data directly from RT-PCR products, the remaining RT-PCR mixture was electrophoresed on a 1% agarose gel in Tris-acetate-EDTA buffer. After ethidium bromide staining, specific PCR products were located by UV translumination, sliced from the gel, and purified from the gel slices using a Sephaglas Bandprep kit (Pharmacia Biotech). Dye terminator cycle-sequencing reactions were carried out using 5 to 50% of the gel-purified product (depending on product yield), ABI PRISM with AmpliTaq DNA polymerase FS or BigDye dye terminator cycle-sequencing ready-reaction kits (Applied Biosystems), and 3.3 pM primer 1010C, OW1696R, or 1696RV2. The extension products were purified using Centri-sep spin columns (Princeton Separations) and sequenced on a model 377 automated DNA sequencer (Applied Biosystems). Sequences were obtained from both strands of each RT-PCR product for verification. S RNA clones were sequenced initially using pCRII plasmid-specific primers. Additional S RNA sequence was obtained by sequence "walking" through the plasmid insert using the following Lassa virus S RNAspecific primers designed from newly determined sequence:
, and GPC2871R (5Ј-ATGAGTTGTGATTTCAATGG-3Ј) (I, inosine; [N/N] indicates mixed bases). In some cases, RT-PCR products were not sequenced directly but cloned into the TA cloning vector pCRII (Invitrogen) and then sequenced with pCRII plasmid-specific primers. In both cases, the sequence was read from both strands of a minimum of three independent clones. Chromatogram analysis and sequence compilation were performed with Sequencher 3.0 software (Gene Codes). RNA secondary-structure predictions were performed with the MFold and PlotFold programs of the Wisconsin Package version 9.1-UNIX (Genetics Computer Group, Inc.), and gene sequences were translated with the Translate program of the Wisconsin Package.
Phylogenetic and statistical analyses. Alignments were performed with the PileUp program of the Wisconsin Package, with a gap creation penalty of 2.0 and a gap extension penalty of 0.2, followed by manual adjustment or with Clustal X version 1.63b. Maximum-parsimony (MP), maximum-likelihood (ML), and minimum-evolution (ME) phylogenetic analyses were performed with PAUP* version 4.0b1 (58) . Quartet puzzling (QP) analyses were carried out with PUZZLE 4.0.1 (57) . Statistical analyses were performed with SPSS 8.0.1 (SPSS Inc.) and MatMan version 1.0 (Matman, Noldus Information Technology, Wageningen, The Netherlands, 1998).
Nucleotide sequence accession numbers. The partial NP sequences obtained from 54 Lassa virus strains were deposited in GenBank under accession no. AF182219 through AF182272.
RESULTS
Lassa virus strains comprise four genetic lineages. Partial NP sequences were obtained from 54 Lassa virus strains and yielded 49 unique sequences. RT-PCR primers 1010C and OW1696R were reactive with all strains from Sierra Leone, Liberia, and Guinea but failed to amplify some Nigerian strains. Primer OW1696R was redesigned to produce primer 1696RV2, which reacted with all Lassa virus strains when used with primer 1010C. This primer pair was used for subsequent characterization of Lassa virus strains. The sequences were 628 nucleotides (nt) long when amplified with primers 1010C and OW1696R and 631 nt long if amplified with primers 1010C and 1696RV2. Nucleotides 1 to 628 of the Lassa virus partial NP sequences were aligned with the corresponding genomic region of other Old World arenaviruses and three New World arenaviruses, which served as outgroup taxa. Phylogenetic analysis of the unweighted data set using MP optimality yielded a single most parsimonious tree of 2,744 steps (Fig. 2) . The robustness of the resulting phylogeny was evaluated by bootstrap analysis (21) and calculation of Bremer support indices (BSI) (12) . Lassa virus strains occupied a single strongly supported (bootstrap support 90%; BSI value, Ͼ5) large clade composed of four geographic lineages, which are designated I, II, III, and IV (Fig. 2 ). The prototype LP strain of Lassa virus is the sole occupant of lineage I. The LP strain originates from the village of Lassa, located in northeastern Nigeria (24) (Fig.  1B) , and it is the only strain in the study originating from this region. Lineage II is a strongly supported group (Fig. 2 ) that contains strains from sites in southern central Nigeria: Aba, Ekpoma, Onitsha, and Owerri (8, 22) (Fig. 1B) . Lineage III ( 1B) . It includes the GA391 strain of Lassa from Zaria, which was genetically characterized by Clegg and coworkers (17) , and strain 803787 (Table 1) , which was serologically characterized by Jahrling and coworkers (39) , but its geographic origin within Nigeria was unrecorded. The monophyly of this group of Lassa isolates is strongly supported by bootstrap analysis and BSI, with the exception of strain 9608911. This strain occupies the most basal position in the lineage, but bootstrap support for monophyly of this strain with the others in lineage III is poor (37%). The BSI for this association, however, is two steps above parsimony, thus providing some support for the monophyly of lineage III.
FIG. 2.
Phylogenetic tree inferred using MP criteria that shows relationships among Lassa virus strains. Lassa virus partial NP gene sequences were aligned with the corresponding regions of the Josiah (GenBank accession number J04324 [5] ), GA391 (X52400 [17] ), and LP (U80004 [11] ) strains of Lassa virus as well as the corresponding regions of OLV virus (U34248 [9] ), PIC virus (K02734 [4, 6] ), Junin virus strain XJ (U80009 [11] ), LCM virus strains Armstrong (M20869 [55] ) and WE (M22138 [53] ), Ippy virus (U80003 [11] ), Mopeia virus strains AN20410 (U80005 [11] ) and AN21366 (M33879 [63] ), and Mobala virus strain 3076 (AF012530 [11] ). Phylogenetic analysis of the partial NP gene data set was carried out using PAUP* 4.0, with characters optimized by accelerated transformation and gaps treated as missing data. The data set contained 667 characters, of which 423 were parsimony informative. The large number of taxa necessitated the use of a heuristic search that was performed using stepwise addition, with random addition (10 replicates) and tree bisection-reconnection branch swapping. The unweighted analysis yielded a single most parsimonious tree of 2,744 steps. The numbers adjacent to each node are percentage bootstrap support (500 replicates)/BSIs. Horizontal branch lengths are indicated by the scale bar. The four Lassa virus lineages are labeled I through IV. Representative strains from each of the four lineages used for further genetic analysis are shown in outline.
Lineage IV is the largest group of Lassa virus strains in this study ( Fig. 2 ) and contains all strains from Guinea, Liberia, and Sierra Leone (Fig. 1A ). In the most parsimonious tree, strains from Guinea and Liberia occupy the basal position within the lineage with good bootstrap and BSI support for the monophyly of Lassa virus strains from Zorzor (Liberia), Kissedougou, Nzerekore, and Macenta (Guinea), and all strains from Sierra Leone. In addition, there is BSI support (three steps above parsimony) for the adjacent, distal intermediate node, which implies monophyly of strains from Zorzor, Nzerekore, Macenta, and Sierra Leone. The monophyly of all strains from Sierra Leone is well supported (84% bootstrap support; parsimony, Ͼ4 BSI) and includes the Josiah strain genetically characterized by Auperin and McCormick (5). Strains isolated from rodents are interspersed with human strains, thus establishing a genetic link between strains infecting rodents and humans in the same geographic region.
Interlineage and intralineage sequence diversity. Sequence differences within and between lineages are shown in Table 2 . In this region of the NP gene, the overall genetic diversity within Lassa virus strains is great, approaching a maximum of 26.8% nucleotide and 14.8% deduced amino acid divergence. Within lineages, the diversity is generally less than 20% at the nucleotide level and 11% at the amino acid level except for lineage III when the outlier strain 9608911 is included. Within lineage IV, less variation is observed within strains from Sierra Leone than in Guinean and Liberian strains. Variation between lineages ranges from 19% to almost 27% at the nucleotide level and 6.7% to almost 15% at the amino acid level.
Lassa virus genetic distances correlate with geographic distance rather than time. Since the phylogenetic analysis revealed a relationship between geography and genetic clustering of Lassa virus strains, we proposed the hypothesis that genetic distances among Lassa virus strains correlate with geographic distance. A second hypothesis, which assumes that Lassa virus evolution is occurring at a detectable constant rate (i.e., a molecular clock), is that genetic distance correlates with time.
To test these hypotheses, we chose to examine the strains from only lineage IV to avoid introducing any bias into the analysis. The great geographic distances between the origination sites of the Nigerian Lassa virus strains and the strains from lineage IV, coupled with the large "between-lineage" genetic distances, would bias the analysis toward a positive correlation between genetic distance and geographic distance. A pairwise ML genetic-distance matrix was calculated for the Lassa virus strains (36 strains) of lineage IV. Strain 807875 (Table 1) , for which the site of origin was undetermined, was omitted from the analysis. A corresponding pairwise geographic-distance matrix was prepared by calculating the distance in kilometers between strain origination sites. In some instances the exact site where the patient's infection occurred was not known, and therefore the location of the hospital where the patient was evaluated was used instead. A pairwise temporal-distance matrix was prepared by counting the years separating cases. Mantel's Z statistic and Pearson's r statistic were then calculated for the genetic-geographic and genetic-temporal matrix pairs, using MatMan 1.0. The significance of the Z statistic was computed by a permutation test with 10,000 permutations. A very strong correlation between genetic distance and geographic distance was observed (r ϭ 0.68; Z ϭ 10970.88; P Ͻ 0.001). A statistically significant correlation was also observed between genetic distance and temporal distance (r ϭ 0.212; Z ϭ 667.21; P Ͻ 0.05). To rule out the possibility that the test statistic and P values were in part due to interaction between the geographic and temporal variables (i.e., genetically similar or identical strains from the same outbreak would support a correlation between genetic and both temporal and geographic variables), partial rowwise Mantel Zr and partial Pearson's r statistics were calculated using Matman with 10,000 permutations. After being statistically controlled for the corresponding geographic distance, a correlation between the genetic and temporal matrices is no longer statistically significant (r ϭ 0.092; Zr ϭ 0.116; P Ͼ 0.1). However, the correlation between the genetic-distance matrix and the geographic-distance matrix remained highly significant even after controlling for temporal distances (r ϭ 0.663; Zr ϭ 0.341; P Ͻ 0.001). Thus, the hypothesis that genetic distances among Lassa virus strains correlate with geographic distance was accepted, and the hypothesis that genetic distance correlates with time was rejected.
Lassa virus is not evolving at a detectable constant rate. While the matrix correlation analysis failed to demonstrate a correlation between genetic distance and temporal distance, we chose to further evaluate the possibility that Lassa virus evolution is occurring at a detectable constant rate (i.e., a molecular clock) by a molecular-clock likelihood ratio test. For this analysis, trees were reconstructed for all Lassa sequences in the partial NP data set (the other Old World and New World arenavirus sequences were removed), using Puzzle 4.0.1 with and without the assumption of a molecular clock. Under the molecular-clock assumption, the expected amount of evo- lution in any lineage is proportional to elapsed time and the ML branch lengths from the root of the tree to each branch tip are the same. The QP trees were reconstructed with a HKY85 model of substitution (35), a uniform model of rate heterogeneity, 25,000 QP steps, and all parameters estimated from the data set. The LP strain of Lassa virus was selected as the root taxon based on the previous phylogenetic analysis. The tree calculated without the assumption of a molecular clock was assigned a statistically higher log likelihood score than the tree reconstructed under the assumption of a molecular clock (Ϫ7,876.19 versus Ϫ7,977.38; P Ͻ 0.05.) Therefore, the hypothesis that Lassa viruses are evolving in a clocklike manner was rejected. Analysis of full-length NP and glycoprotein gene sequences. The overall topology of the most parsimonious tree suggests that the LP strain (lineage I) occupies the most basal position within the Lassa clade, followed by lineage II (southern central Nigeria). Lineages III (northern central Nigeria) and IV (Guinea, Liberia, and Sierra Leone) exhibit a sister relationship. This finding suggests that the Nigerian Lassa virus strains in lineages I and II diverged prior to strains in lineages III and IV. Though the bootstrap support for this topology is relatively weak, there is some BSI support for intermediate nodes connecting the lineages of the Lassa clade. In an attempt to better resolve these nodes, we sought to repeat the analysis using full-length NP and glycoprotein gene sequences of Lassa virus strains representative of each lineage. The NP and GPC gene sequences were already available for representatives of lineage III (GA391) and lineage IV (Josiah), so we cloned and sequenced the S RNAs of the LP strain (lineage I) and strain 803213 (lineage II) (GenBank accession numbers AF181853 and AF181854, respectively). The 5Ј and 3Ј noncoding regions were determined for each strain except for the 19 to 20 nt obscured by the arenavirus-specific sequences in the M13-19C primer. The full sequences of the S RNA intergenic regions were obtained for strains LP and 803213, and an alignment of these regions with those of Lassa virus strains Josiah and GA391 is shown in Fig. 3 . The distribution of mutations in the intergenic region of Lassa virus S RNAs, with mutations confined to predicted single-stranded areas and absent in the regions thought to form the double-stranded stem structure, provides phylogenetic evidence for the existence of the computer-predicted stem-loop structures (7, 17) .
The 1,710-nt-long NP genes of strains LP and 803213, like the NP gene of the Josiah strain of Lassa virus, lack the additional codon found at approximately nt 1132 in the NP gene of the GA391 strain of Lassa virus. In the 569-amino-acid proteins encoded by the NP gene of strains LP and 803213, the potential RNA binding sites identified by Parisi et al. (51) are completely conserved (RNP-1; zinc finger-like motif) or highly conserved (mixed-charge motif). A cytotoxic-T-lymphocyte (CTL) epitope, GVYMG, first described in the NP protein of lymphocytic choriomeningitis (LCM) virus, is completely conserved in the NP proteins of the four Lassa virus strains (residues 123 to 127) (62).
The 1,473-nt-long GPC genes of Lassa virus strains LP and 803213, like the GPC gene of strain GA391, lack the additional codon found at approximately nt 181 of the Josiah strain. Eleven predicted glycosylation sites (seven in GP1 and four in GP2) are conserved in the four Lassa strains. The region around the proposed GP1-GP2 cleavage site (14) is completely conserved, as is the proposed GP2 fusion protein sequence, GGYCLTRWMLIEAELKCFGNTAVA (28) . A region in GP2, IEQQADNMITEMLQK, which contains a cross-protective Lassa virus CTL epitope (43) , is also conserved.
Genetic diversity among Lassa virus strains. Sequence differences calculated using full-length Lassa virus NP, GPC, GP1, and GP2 gene and protein sequences are shown in Table  3 . The NP gene and encoded protein appear to be most variable, with an average of 23.3 (range, 22.8 to 23.8) pairwise nucleotide differences and 10.2 (range, 9.5 to 12.0) amino acid differences, respectively. The full-length NP gene genetic differences correlate well with between-lineage genetic differences calculated for the partial NP gene data set ( Table 2 ). The GP1 region is the most variable part of the GPC gene in Lassa viruses, with an average nucleotide difference of 21.6 (range, 18.9 to 24.9) and an average amino acid difference of 7.5 (range, 7.0 to 8.6). The GP2 region exhibits the least variation, especially when protein sequences are considered (Table 3) . Interstrain distances are not consistent across the NP, GP1, and GP2 genes. For example, the GP2 gene of strain 803213 is most like the GP2 gene of strain GA391 at both the nucleotide and amino acid levels, but the GP1 gene sequences have the highest degree of identity with the Josiah strain. The LP strain is most unlike the GA391 strain in the protein sequence of NP and GP1 but displays the highest level of amino acid identity with GA391 in the GP2 gene product. Based on these observations, the four full-length Lassa GPC sequences were aligned and examined for evidence of recombination using RIP (38) and PLATO version 2.11 (33) . No evidence of recombination among Lassa virus strains was detected, however. 
Sequence differences between Lassa virus strains and Mopeia virus.
To estimate the genetic distances between Lassa virus strains and a closely related arenavirus, the genetic differences among the four Lassa virus strains and Mopeia virus strain AN21366 were calculated (Table 3 .) Of the known arenaviruses, Mopeia and Mobala viruses are most closely related to Lassa viruses (11) . On the basis of partial NP gene sequences, Lassa virus strains have a slightly higher degree of sequence identity (approximately 1.2%) with Mobala virus, but Mopeia virus strain AN21366 has the only full-length NP and GPC gene sequences available for comparison. Average nucleotide differences between Mopeia virus and Lassa virus strains are at least 8.4% greater than the average within-Lassa differences in comparable gene sequences and at least 14.5% higher at the amino acid level.
Phylogeny of the Arenaviridae estimated from NP and GP gene sequences. The NP gene sequences of Lassa virus strains were aligned with the sequences of the NP genes of other arenaviruses by using PileUp followed by manual adjustment, which ensured that the introduction of gaps maintained the open reading frame. The GPC gene sequences of arenaviruses were aligned using Clustal X version 1.63b, again with manual adjustment of nucleotide gapping guided by amino acid alignment. Heuristic searches under the ML optimality criterion were performed on the NP, GP1, and GP2 gene alignments, and the resulting phylogenies are shown in Fig. 4 . Bootstrap analysis using ML was not possible for data sets of this size (14 to 15 taxa) because of the lack of computational power required to contend with such a computational effort. Topological differences are present in two areas of the trees: (i) the order of descent among the Lassa viruses differs in all three trees and (ii) Oliveros (OLV) and Pichinde (PIC) viruses are portrayed as sister taxa in the GP2 tree, whereas PIC virus has a basal position to OLV virus in the NP and GP1 trees (Fig. 4) . In the NP and GP2 trees, the LP strain of Lassa virus is most ancestral, whereas 803213 occupies the basal position in the GP1 tree (Fig. 4) . The Josiah and GA391 strains are portrayed as sister taxa in the GP1 and GP2 trees, but the Josiah strain exhibits a sister relationship with 803213 in the NP tree (Fig.  4) .
Previous analyses of partial NP gene sequences for arenaviruses have shown that homoplasy, the similarity in character states (i.e., nucleotides or amino acid residues) for reasons other than inheritance from a common ancestor (37), manifests itself as a problem in the estimation of arenavirus phylogenies (11) . Transitional saturation (the concealment of more quickly accumulating transitional substitutions by more slowly accumulating transversions over time) was very evident in partial NP gene sequence pairs exhibiting greater than 25% divergence (11) . In addition, highly variable third-codon-position bases represented a source of homoplasy in phylogenetic estimates whose exclusion from analyses can dramatically change the degree of bootstrap support for some nodes (11) . To remove the possible homoplastic effect of highly variable third-base positions, the ML analyses of all three genes were repeated with third-base positions excluded. Only minor changes in the inferred phylogenies were observed. In the NP tree, the branching order among the LCM virus strains was changed. In the GP1 tree, the LP and 803213 strains of Lassa virus exchanged positions so that the LP strain occupied the   FIG. 4 . Unrooted phylogenetic trees inferred using ML criteria and NP, GP1, and GP2 data sets showing relationships among arenaviruses. Full-length Lassa virus (LAS) gene sequences were aligned with the corresponding gene sequences of the Josiah (J04324 [5] ) and GA391 (X52400 [17] ) strains of Lassa virus, OLV virus (U34248 [9] ), PIC virus strains An3739 (K02734 [6] ) and PV2P2 (U77601 [64] ), Junin (JUN) virus strains MC2 (D10072 [27] ) and XJ (U70799 [1] ), LCM virus strains Armstrong (M20869 [55] ), WE (M22138 [53] ), and MX (Y16308), Mopeia (MOP) virus (M33879 [63] ), Tacaribe (TCR) virus (M20304 [25] ), Sabia (SAB) virus (U41071 [29] ), and Machupo (MAC) virus (X62616 [34] ). Phylogenetic estimates were obtained by heuristic search with the HKY85 (35) Table 4 . most ancestral position within the Lassa clade, as in the NP and GP2 trees. In the GP2 tree, the Josiah and 803213 Lassa strains exchanged positions. Thus, the removal of third-position bases had a minimal effect on ML phylogenetic estimates for all three genes but supported the most ancestral position of the LP strain within the Lassa clade.
To compare the ML estimates with those obtained using other methods and to obtain bootstrap and reliability values, the alignments were reanalyzed using MP (both with and without third-codon-position bases), MP with a 2:1 weighting of transversions over transitions (weighted analyses and analyses excluding third-codon-position bases were performed in an attempt to remove the homoplastic influence of saturated transitions and third-codon-position bases), ME, and QP. Analyses using the MP optimality criterion were carried out as described previously for the partial NP data set, except that step matrices were incorporated into the analyses to weight transversions or assign costs to amino acid substitutions in the analysis of amino acid alignments (the weighting matrix found in the PROT-PARS example nexus file was used). Analyses using the ME optimality criterion were performed by heuristic search with HKY85 distance measures (35, 42) and branch lengths constrained to be nonnegative. MP and ME bootstrap analyses analyzed 500 replicate data sets. QP analyses were carried out using the HKY85 model of substitution (35), 100,000 puzzling steps, a uniform model of rate heterogeneity, and all parameters estimated from the data set. The bootstrap (MP and ME) and reliability (QP) values for these analyses, presented in the context of how they support the ML-estimated tree topologies, are shown in Table 4 . The nodes on the ML trees can be divided into three groups: (i) those supported by all analyses, (ii) those lacking support in all analyses, and (iii) those with mixed support. Nodes supported (75% or greater support) by all analyses include C, D, F, G, I, J, and L in the NP tree; O, P, Q, R, S, U, V, and W in the GP1 tree; and BB, CC, EE, FF, and HH in the GP2 tree (Fig. 4) . Nodes Z and AA in the GP2 tree are supported by five of six analyses, and four of six analyses support nodes K (NP tree), M (GP1 tree), and GG (GP2 tree). Nodes lacking support in all analyses (A, E, X, and Y) are confined to regions that determine the order of descent among virus strains. Nodes that determine the order of descent among Lassa virus strains are either unsupported (A in the NP tree and X and Y in the GP2 tree) or receive mixed support. The basal position of the LP strain in the NP tree is moderately supported when MP analyses are performed without thirdcodon-position bases or using amino acid sequences and are strongly supported by QP analysis. In the GP1 analyses, the basal position of the 803213 strain and the sister relationship of the GA391 and Josiah strains is strongly supported by MP and weighted-MP analyses, but support decreases dramatically when third-codon-position bases are excluded or when MP analyses are performed on amino acid data. A sister relationship between OLV and PIC viruses (node DD) is proposed by the ME and QP analyses of GP2 sequences and unweighted MP analysis of NP sequences (data not shown), but the placement of PIC virus basal to OLV virus is supported by other analyses.
New World arenaviruses exhibit greater within-group genetic distances than Old World arenaviruses. In the ML trees estimated for the arenavirus NP, GP1, and GP2 data sets, the terminal branches and interspecies distances appear to be longer in the New World arenaviruses (Junin, Machupo, Tacaribe, Sabia, OLV, and PIC viruses) than in the Old World arenaviruses (Lassa, Mopeia, and LCM viruses), suggesting that the times of divergence or rates of evolution differ in the two groups. To determine if there is a significant difference in the within-group genetic distances, the ML distances between each pair of arenaviruses in the New World group and between each pair of arenaviruses in the Old World group were calculated for all three genes using nucleotide and amino acid sequence data. ML nucleotide differences were calculated using PAUP* 4.0 with the HKY85 model of substitution, and ML amino acid distances were calculated using PUZZLE 4.0.1 with the BLOSUM62 substitution model (36) . Only interspecies distances were considered; interstrain distances were ignored. For all three genes, the New World arenaviruses exhibit a significantly greater mean interspecies distance than the Old World arenaviruses by t test for equality of means (Table 5 ). The significantly greater mean distance among New World arenaviruses is a function of both longer terminal-branch lengths and longer intermediate-branch lengths along the "trunk" of each tree. Since we were unable to detect clocklike evolution in the Lassa virus data set and cannot test other arenavirus species for a molecular clock because of the paucity of sequence data, we cannot determine whether the greater V  100  100  100  100  100 100  W  100  100  100  100  100 100   GP2  X  NS  58  NS  NS  NS  NS  Y  NS  57  70  57  NS  NS  Z  98  98  100  100  100  68  AA  81  96  97  71  98  90  BB  100  100  100  100  100 100  CC  100  100  100  100  100  99  DD NS  NS  NS  NS  75  85  EE  100  100  100  100  100  87  FF  100  100  100  100  100 100  GG NS  60  81  97  94  99  HH 100  100  100  100  100 100 a Bootstrap values; 500 replicates. b Tv, transversion. c 3rd codon pos. excl., third codon position excluded.
d Reliability values; 100,000 puzzling steps. e NS, not supported (bootstrap or reliability value, Ͻ50%).
interspecies genetic differences among the New World arenaviruses is due to a more rapid rate of evolution or a longer period of diversification.
DISCUSSION
This study represents the first large-scale examination of Lassa virus genetic variation. It shows that Lassa viruses comprise four phylogenetic lineages, three of which are found in Nigeria and the fourth in Guinea, Liberia, and Sierra Leone. An unexpected finding of the study is that the interlineage genetic distances among three Nigerian lineages (lineages I, II, and III) are greater than the distance between lineage IV (Guinea, Liberia, and Sierra Leone) and lineage III. Since this study showed a correlation between genetic and geographic distances, the high genetic diversity among Lassa virus strains within Nigeria could be attributed to the greater geographic range of the virus in Nigeria.
The finding that genetic distance among Lassa virus strains correlates with geographic distance suggests that the breeding populations of Mastomys sp., the rodent hosts of Lassa virus, have exhibited little regional movement since Lassa fever was first recognized in the 1960s. The lack of a correlation between genetic distance and temporal distance and the inability to detect clocklike evolution in Lassa virus strains of lineage IV indicates that the rate of genomic evolution in the NP gene of Lassa virus is low, even though the NP gene appears to be evolving faster than the glycoprotein genes. A molecular clock may be operating in Lassa virus evolution, but it cannot be detected over the relatively short time window (1969 to 1997) for which we have strain sequence data. Geographic distance may actually represent a surrogate for long-term temporal change because it would take a given unit of time for a virus to move from point A to point B, resulting from either the movement of the virus through rodent populations or the slow migration of rodent populations through geographic space. If Lassa virus sequences were recovered from retrospectively identified Lassa fever patients or rodent materials from times much earlier than 1969, perhaps from formalin-fixed materials, the molecular-clock hypothesis could be retested.
Though the order of descent of Lassa virus lineages was not fully resolved in this study, phylogenetic analysis of full-length gene sequences indicates that Nigerian strains (either LP or 803213) are ancestral to the Josiah strain from Sierra Leone. Within lineage IV, there is bootstrap and BSI support for the basal position of Guinean and Liberian Lassa virus strains relative to the strains from Sierra Leone. Both of these findings suggest a westward movement of Lassa virus from Nigeria to Guinea, Liberia, and Sierra Leone. At the moment, it is not known if the currently recognized range of Lassa fever represents part of a continuous distribution or isolated foci. There is no evidence that Lassa virus is enzootic in any of the countries separating Nigeria from Guinea, Liberia, and Sierra Leone aside from a single, serologically confirmed case of Lassa fever from Burkina Faso (61) . The range of Mastomys sp. rodents includes all of sub-Saharan West Africa (32) . Whether Lassa virus is present in Mastomys populations in Cote d'Ivoire, Ghana, Togo, Benin, and Burkina Faso remains to be determined.
Ter Meulen and coworkers (59) reported eight Lassa virus sequences (an NP gene region that does not overlap the partial NP gene region sequenced in this study) from Gueckedou, Guinea, that were 100% identical to the Josiah strain from Sierra Leone and one Lassa virus sequence that differed from the Josiah strain by 11.6% (nucleotide) and 10.4% (amino acid). Though we did not examine strains from Gueckedou, strains from other sites in Guinea examined in this study were quite distinct from the Josiah strain. In fact, we were unable to find another strain from Sierra Leone that demonstrated 100% identity with the Josiah strain. Therefore, we believe that the eight Guinean strains identical to the Josiah strain could possibly be the result of laboratory cross contamination. The ninth sequence probably represents an authentic Guinean Lassa virus sequence because it is consistent with the up-to-19.3 and 10.5% nucleotide and amino acid sequence divergence, respectively, noted within the strains of lineage IV.
This study examined Lassa virus strains from both Mastomys rodents and humans. In Sierra Leone, two Mastomys karyotypes have been reported (2N ϭ 32 and 2N ϭ 38) that are thought to represent two Mastomys species (52) . The 2N ϭ 32 form is thought to be either Mastomys natalensis or Mastomys huberti, and the 2N ϭ 38 form is Mastomys erythroleucus (32) . Lassa virus isolates have been obtained from rodents of both karyotypes (47) . With the exception of strains 807875 and 808255, for which the karyotype was undetermined, all of the Mastomys isolates examined in this study were obtained from 2N ϭ 32 individuals. The extent of sequence diversity for Lassa virus within each karyotype is unknown. In this study, all human strains of Lassa virus from Sierra Leone are similar to the isolates from 2N ϭ 32 Mastomys, which would suggest that the two karyotypes of Mastomys in Sierra Leone are harboring genetically similar viruses or that the reservoir of Lassa virus infections for humans is the 2N ϭ 32 species. This observation, however, may be due to the fact that the 2N ϭ 32 Mastomys sp. processed for Lassa virus isolation is captured far more frequently in the Eastern Province of Sierra Leone than is the 2N ϭ 38 species (47) .
In this study, partial NP gene sequences were identical for five pairs of strains. Three of these strain pairs represent isolates from hospital outbreaks in which there was person-toperson transmission or infection from a common point source. Thus, the genetic sequence data obtained in this study confirm disease transmission events postulated from epidemiological observations. Strains 803201 and 803204 were isolates from an outbreak that occurred at Curran Lutheran Hospital, Zorzor, Liberia, in 1972 (50) . Strain 803201 was isolated from a secondary-case patient, and 803204 was isolated from a member of the hospital staff who cared for the index case and the secondary-case patients. Strains 803213 and 803214 were isolates obtained from two missionary physicians infected at St. Borromeo Hospital, Onitsha, Nigeria, in 1974 (8) . One physician was infected from the index case patient, and the second was infected while caring for the first physician after he developed Lassa fever. Strains 806319 and 806320 were isolated from two physicians infected in a hospital in Aba, Nigeria, in At present there are no established genetic criteria for differentiating arenavirus species. The closest currently recognized genetic relationship between two accepted distinct arenavirus species is that between Junin and Machupo viruses, which exhibit 23.1 to 23.5% and 13.0 to 14.4% nucleotide and amino acid sequence divergence, respectively, in the NP gene and protein (the glycoprotein sequences of Machupo virus have yet to be reported.) The maximum amount of sequence divergence seen among full-length Lassa virus genes is 24.1% nucleotide difference (between the GP1 genes of strains 803213 and GA391) and 12.0% amino acid difference between the NP protein sequences of strains LP and GA391. Up to 21.3% nucleotide and 7.3% amino acid differences have been reported in the partial NP gene sequence of Pirital virus, a New World arenavirus (26) . Others have proposed that the status of Lassa viruses as a single virus species be reevaluated only on the basis of the sequence divergence seen between the Josiah and GA391 strains (44) . We believe that the range of variation seen among Lassa virus strains represents the maximum genetic variation that will be seen in a given arenavirus species. Furthermore, we propose a cutoff value of 12% amino acid difference (uncorrected p distance) in the NP protein for delineating an arenavirus species. Because mutational saturation is present in thirdcodon-position bases of the NP gene at genetic distances greater than 1.0, which includes all interspecies comparisons except those between Machupo and Junin viruses (data not shown), we propose that amino acid criteria be used for species definitions rather than nucleotide data. Mutational saturation is even more pronounced in glycoprotein sequences (data not shown). As more full-length glycoprotein gene sequences become available, criteria can be developed for GP1 and GP2 sequences. If the 12% amino acid cutoff for NP data (both full gene and partial gene) is used, all recognized arenavirus species would be valid except for the proposed species Pampa virus (44) , which would be considered a strain of OLV virus, since there is only a 6.3% amino acid sequence divergence between partial NP protein sequences of the two viruses. Both Pampa and OLV viruses were isolated from rodents of the same genus (Bolomys) in Argentina (44, 48) . As more intrastrain sequence data accumulate for arenaviruses, it will be possible to determine if the 12% NP amino acid cutoff remains a valid criterion for genetic species definition.
Two studies examining the relationships among arenaviruses have noted that PIC virus, or PIC and OLV viruses, cluster with the Old World viruses when glycoprotein amino acid sequences are used for phylogenetic analyses (2, 17) . The studies showed dendrograms that were either midpoint rooted (17) or rooted with tospovirus (Bunyaviridae) gene sequences (2) . We were able to reconstruct trees in which the intermediate branch connecting PIC and OLV viruses with the other New World arenaviruses is slightly longer than the intermediate branch connecting PIC and OLV viruses with the Old World arenaviruses by MP and QP analyses of translated GPC and GP1 sequences, but not GP2 sequences. The longer intermediate branch connecting PIC and OLV viruses with the other New World arenaviruses was not obtained when GP1 nucleotide data were analyzed by ML criteria (Fig. 4) . Both of the previous studies (2, 17) failed to consider the effect of genetic distances within the New World and Old World groups on the rooting of arenavirus trees. We have shown in this study that the genetic distances separating New World arenaviruses are significantly greater than those within the Old World arenaviruses in the NP, GP1, and GP2 genes for both nucleotide and amino acid data. The greatest difference between mean genetic distances was observed in the GP1 gene and its protein. Thus, the majority of the total tree length is found within the New World arenaviruses. The net effect of these "lopsided" trees is that the midpoints of the GP1 and GPC trees are found in the intermediate branch separating PIC and OLV viruses from the rest of the New World arenaviruses. In most phylogenetic analyses, the use of a highly divergent outgroup tends to place the inferred ancestral node in the middle of the longest intermediate branch along the trunk of the tree. The translated glycoprotein sequence of impatiens necrotic spot virus, used as an outgroup by Albarino and coworkers (2) , has less than 30% amino acid identity with the GPC protein of PIC virus even with extensive insertion of gaps into a pairwise alignment. To properly infer the ancestral node within the Arenaviridae, a more closely related outgroup taxon must be used. Genetic distances, in addition to cladistic relationships, must be considered also in future studies of arenavirus phylogenies.
The question arises as to whether the greater interspecies genetic differences among the New World arenaviruses compared with the Old World arenaviruses are due to a higher rate of evolution or a longer period of diversification. Studies of genomic and mitochondrial sequences have estimated the dates of evolutionary splitting of rodent lineages. For example, the split between the lineage containing the genus Mus (the host of LCM virus, which occupies the basal position within the Old World arenaviruses) and the lineage containing the genus Mastomys (the host genus of Lassa and Mopeia viruses) was estimated to have occurred 8 million years ago as determined from data obtained in genomic DNA hybridization studies (15) . In studies of mitochondrial genes, Engel and coworkers (20) estimated the split of the oryzomyine lineage (containing the genus Oryzomys, the host genus of PIC virus, which occupies the basal position within the New World arenaviruses) from the akondontines and phyllotines at approximately 6.8 million years ago. The hypothesis that arenaviruses are coevolving with their rodent hosts has been proposed (10, 11, 16, 30, 40) , and existing evidence suggests that coevolution is occurring in combination with some host-switching events (11) . If arenaviruses are indeed coevolving with their rodent hosts, it suggests that the longer mean genetic distances among the New World arenaviruses compared with the Old World arenaviruses are due to a higher rate of evolution among New World arenaviruses when the rodent evolutionary time scale is applied to virus phylogenies. Estimates of the rates of evolution in arenaviruses will be necessary to confirm this hypothesis. Potential sources of "older" arenavirus sequences for estimating evolutionary rates are archived formalin-fixed clinical material and formalin-preserved rodent specimens from museum collections.
The RT-PCR primers described in this study and previous work (11) should be useful for characterizing other Lassa virus strains. The considerable genetic variation within Lassa strains, however, contributes to the potential for primer failures, as evidenced in this study by the fact that we were unable to amplify all Lassa virus strains with a single primer pair. The method for reverse transcribing, amplifying, and cloning the complete S RNA of Lassa virus (with a few potential mismatches in the conserved 20 bases at the 5Ј end) reported here is the first method described for cloning arenavirus S RNAs from a single amplicon. This technique has been used successfully to amplify and clone the S RNAs of other Old World and New World arenaviruses (data not shown) and will be a useful technique for genetically characterizing new arenaviruses, especially in cases in which internal RT-PCR primers are nonreactive. 
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